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Abstract 
A large amount of citrus waste is generated annually. This waste is of great economic worth, 
since it contains high levels of polyphenols, which have attracted scientific interest due to their 
potent antimicrobial and antiradical activities. Pre-treatment is a crucial step that precedes the 
extraction process and influences the yields and quality of polyphenols. This review 
emphasizes the effect of different drying processes, such as freeze drying, hot-air drying, 
vacuum drying, infrared drying, and high-speed drying, on the polyphenol retention in citrus 
by-products. Further treatments of the dried citrus by-products for assisting the liberation of 
bound polyphenols are also provided and comprehensively discussed.  
 
KEYWORDS: Citrus pomace; drying techniques; polyphenol liberation; treatment of dried 
pomace; valorization; lyophilisation. 
 
Abbreviations: 
TPC: Total phenolic content. 
TF: Total flavonoid content. 
PPO: Polyphenol oxidase.  
POD: Peroxidase. 
CAE: Caffeic acid equivalents. 
d.e: Dry extract. 
d.w.: Dry weight. 
kGy: kiloGray. 
kJ: kilojoule. 
EBI: Electron-beam irradiation. 
UV: Ultraviolet. 
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1. Introduction 
Citrus is one of the most economically important crops with a worldwide production 
exceeding 121 × 106 tons [1]. Citrus fruits are usually processed by the industry for the 
production of juice [2, 3]. During juice production, a large amount of citrus by-products are 
generated, mainly consisting of peel and seed residues. This material has recently attracted 
scientific interest since several studies have pointed out that citrus by-product (also known as 
pomace) is a good source of polyphenols, which have been linked to antimicrobial [4], 
antifungal [5], anticancer [6] and antioxidant activities [7, 8]. It is known that polyphenols can 
be degraded by exposure to light, oxygen and high temperature [9, 10]. Therefore, citrus by-
products should be appropriately handled for retaining high polyphenol content.   
Phenolic compounds are the most abundant secondary metabolites synthesized by plants 
as a response to external stresses, such as UV irradiation, wounding, pathogen attack or during 
plant maturation [11, 12]. Flavonoids and phenolic acids are the main classes of polyphenols 
found in citrus by-products [13]. More than 60 flavonoid compounds have been identified in 
citrus and sub-classified as flavanones, flavones, and flavonols [14] (Table 1). Citrus 
flavonoids are present in glycoside (C- or O- glycosides) or aglycone forms, with the glycoside 
being the dominant form [13]. Phenolic acids are phenols containing one carboxylic acid and 
divided into hydroxycinnamic and hydroxybenzoic acids [15]. Phenolic acids in plant tissues 
are present in free and bound forms, with the free forms being more active than the bound ones 
[16]. Table 2 illustrates the phenolic acid content of different citrus species peels.  
Citrus by-products are exposed to undesirable environmental conditions (oxygen, high 
temperatures), which might lead to polyphenol degradation. Therefore, for obtaining high 
polyphenol extraction yields, apart from the selection of the most efficient extraction technique, 
the preservation of polyphenols on the citrus by-product should be considered. Citrus by-
products are prone to degradation and spoilage due to their high moisture content. Usually, 
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drying precedes extraction for moisture removal and polyphenol preservation. However, 
undesirable drying conditions may cause degradation of polyphenols, leading to lower 
extraction yields. A number of drying techniques have been employed for the dehydration of 
citrus by-products, such as freeze drying, hot-air drying, vacuum drying, sun drying, infrared 
drying, far-infrared drying, and high-speed drying, demanding different energy requirements 
and exerting various effects on the different classes of polyphenols [9, 10, 17-19]. For instance, 
drying at high temperatures may result in the liberation of the bound polyphenols facilitating 
greater recovery. However, at high temperatures, some polyphenols might be oxidized and 
converted to others leading to lower extraction yields [20]. When the drying process is 
conducted under sunlight, a reduction in the retention of polyphenols may occur due to photo-
oxidation. The merits and demerits of each drying technique are summarized in Table 3 and 
are comprehensively discussed in the following sections [21].  
As previously mentioned, polyphenols in citrus by-products are often linked to cell wall 
polymers. Recent studies have shown that the liberation of bound polyphenols from citrus by-
products can be achieved by applying further treatments, such as heat (conventional or 
microwave ovens) or irradiation (electron-beam and UV-C irradiations) to the dried materials 
[16, 22-26]. During the heat treatment, the ester and glucoside bonds can be broken down 
resulting in the liberation of the bound polyphenols. At the same time, heat may lead to 
polyphenol transformation explaining why the content of some phenolic compounds increases, 
while the content of others decreases [27]. In case of irradiations, the exact mechanism has not 
yet been elucidated, however, it could be hypothesized, that the higher polyphenol yields might 
be due to the breakdown of the bound polyphenols caused by heating effects due to the transfer 
of energy of many photons [28]. 
To date, several reviews have been published presenting and discussing the different 
extraction techniques that have been applied on citrus by-products for the recovery of 
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polyphenols [29-31]. However, to the best of our knowledge, there is no review discussing the 
effect of different drying conditions on the recovery of polyphenols from citrus by-products. 
Therefore, this review aims to provide information about the effect of different drying 
techniques and conditions on the polyphenol recovery from citrus by-products. Moreover, 
additional steps that are used to enhance the extraction procedure for liberating and obtaining 
high quality polyphenol extracts are comprehensively discussed. 
 
2. Impact of drying techniques on citrus by-product polyphenols 
Drying is a crucial but not mandatory step that precedes extraction process (Fig. 1). Citrus 
by-products contain a significant amount of moisture which promotes microbial spoilage and 
chemical alterations [32-34]. Even though citrus by-products could be stored in a freezer as 
fresh, dehydration is recommended for several reasons. After dehydration, i) the activity of 
enzymes that are responsible for the degradation of polyphenols, such as polyphenol oxidase 
(PPO) or peroxidase (POD), is significantly reduced, therefore higher polyphenol yields are 
obtained [33, 35] (Fig. 2), ii) citrus wastes are not vulnerable to pathogen spoilage [36], and 
iii) the packaging volume is significantly lower, hence less storage place is required and the 
transportation cost is reduced.  
A number of studies have indicated that undesirable drying conditions may negatively 
affect the extraction yields of polyphenols from citrus by-products [9, 10, 37]. Several 
parameters should be considered for the selection of the drying technique, including energy 
consumption, retention of polyphenols and antioxidants in the dried material, as well as its 
effect on the physical properties of the dried product. The application and effects of different 
techniques on the retention of polyphenols are discussed in the following sections. Table 4 
illustrates the studies that have been conducted to evaluate the effect of different drying 
techniques on the retention of polyphenols in citrus by-products.  
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2.1. Freeze drying (lyophilization) 
Freeze drying or lyophilization is a drying technique operating at low temperature and 
under vacuum [35, 38]. Freeze drying has been widely used for drying citrus by-products [7, 
39, 40] since, unlike other techniques, it prevents the discoloration of the dried material, it 
prohibits the degradation of heat or oxygen sensitive bioactive compounds and it effectively 
removes the moisture from the materials. Hence, it promotes the storability of the product by 
minimizing enzyme and pathogen activity [29, 41]. However, it requires longer drying times 
(varying from 12 to 72 h) and higher energy consumption than other drying techniques [9, 10, 
42, 43].  
According to the literature, freeze drying has different effects on the retention and 
recovery of different classes of polyphenols being found in citrus by-products. For instance, 
freeze drying could be effectively applied on citrus by-products for the retention of 
neoeriocitrin, neodiosmin, hesperidin, nobiletin, caffeic acid, and neohesperidin [9, 10, 44, 45]. 
However, some contradictory results related to the effect of freeze drying on the retention of 
TPC, antioxidants and phenolic acids on the dried citrus by-products have been noticed [9, 10, 
39, 45]. Sun, Shen, Liu and Ye [9] indicated that freeze drying is a more effective technique 
for maintaining TPC, phenolic acids and antioxidants in the peels of four citrus species 
comparing with hot-air drying (60 °C) and sun drying. Similar results were reported by Assefa 
and Keum [42] who found higher retention of TPC and flavonoids in the citrus peels dried by 
freeze drying than those dried by hot-air drying (50 °C), and those dried at ambient temperature. 
On the other hand, Lou, Lin, Hsu, Chiu and Ho [45] indicated higher recovery of TPC ad 
flavonoids from the immature calamondin peels after drying at 150 °C compared to the freeze 
dried ones. Chen, Yang and Liu [39] found that orange peels dried at temperatures higher than 
70 °C had higher TPC compared to those dried by freeze drying. The different results could be 
attributed to the different drying operating conditions used in each study. In general, freeze 
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drying is an efficient drying technique for the retention of citrus by-product polyphenols when 
it is compared with hot-air drying being conducted at relatively lower temperatures (<60 °C) 
[39]. As the hot-air drying temperature decreases the required drying time increases, resulting 
in the degradation of some phenolic compounds due to enzymatic oxidation. On the other hand, 
hot-air drying at high temperatures (>70 °C) is more efficient than the freeze drying technique 
[10, 39]. High temperatures may result in the denaturation of the enzymes being implicated in 
the oxidation of phenolic compounds and promote the liberation of the bound polyphenols [9, 
45]. Therefore, greater TPC yields are obtained compared to the freeze drying.  
 
2.2. Hot-air drying 
During hot-air drying, heat is transferred to the material by convection and dehydration 
takes place. In general, hot-air drying requires shorter drying times and energy consumption 
than freeze drying [10]. The effect of hot-air drying at different operating conditions on the 
recovery of total and individual polyphenols has been extensively studied and compared with 
other drying techniques [10, 37, 39, 43, 44, 46]. Previous studies have shown that hot-air drying 
could be effectively applied to citrus by-products for high recovery of polyphenols and 
antioxidants [9, 10, 46]. However, three parameters should be considered when hot-air drying 
is applied, namely, i) drying temperature, ii) drying time, and iii) air velocity, since undesirable 
hot-air drying conditions may lead to degradation and significant loss of polyphenols. During 
hot-air drying polyphenol enzymatic and non-enzymatic degradation may take place [20]. Hot-
air drying results in the disruption of cell walls and the liberation of bound polyphenols. At the 
same time, oxidative and hydrolytic enzymes are released which can degrade the liberated 
phenolic compounds. As the applied temperature increases the released enzymes are 
inactivated. At high temperatures a non-enzymatic polyphenol degradation/conversion takes 
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place and a discoloration of the dried material occurs [10, 39, 45-48], which has been attributed 
to the formation of Maillard reaction products [49]. 
Lou, Lin, Hsu, Chiu and Ho [45] indicated that the TPC, phenolic acid and flavonoid 
content of immature calamondin peels dried by hot air at 150 °C was significantly higher than 
those dried at lower temperatures or freeze dried. However, at these conditions, the recovery 
of some individual compounds (3´,5´-Di-C-β-glucopyranosylphloretin, and hesperidin) was 
significantly lower (90 and 290 mg/100 g d.e., respectively) compared to the peels dried by 
freeze drying (4322 and 430 mg/100 g d.e., respectively). During hot-air drying at high 
temperatures some phenolic compounds might be degraded and converted into other products 
since high temperatures results in the polyphenol deglycosylation [50]. Interestingly, the 
authors found varying effects on the retention of individual phenolic acids. For instance, ferulic 
acid, p-coumaric acid, and gallic acid were not detected in the extracts of the freeze dried peels 
but were found in the extracts of the peels dried by hot air, while the opposite was found for 
the caffeic acid [45]. The higher ferulic acid, p-coumaric acid, and gallic acid yields obtained 
from the hot-air dried peels could be attributed to the thermal destruction of cell walls, to the 
liberation of the bound phenolic acids, as well as to the conversion of some phenolic acids to 
others due to the heat treatment [50]. The reduced caffeic acid yields could be attributed to the 
oxidation and transformation of caffeic to ferulic acid. Ferulic acid is biosynthesized from the 
caffeic acid by O-methylation, a reaction which increases as the temperature increases [51, 52]. 
Similarly, Papoutsis, Pristijono, Golding, Stathopoulos, Bowyer, Scarlett and Vuong [10] 
found that hot-air drying conditions had varying effects on the recovery of phenolic acids from 
lemon by-products. Higher gallic acid content was obtained from the lemon by-products dried 
at 110 °C (8.71 µg/mL) than those dried at 70 and 90 °C (1.10 and 4.69 µg/mL, respectively), 
while p-coumaric acid content was higher in the extracts of the by-products dried at 90 and 70 
°C (1.03 and 0.99 µg/mL, respectively), than those dried at 110 °C (0.71 µg/mL).  
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Ghanem Romdhane, Bonazzi, Kechaou and Mihoubi [37] investigated the effect of 
different hot air temperatures (40-60 °C) on the degradation kinetics of TPC and flavonoids of 
lemon peels. In the range of 40−60 °C, a significant reduction in the TPC and flavonoid 
contents were observed, with the temperature of 40 °C resulting in the highest reduction of 
TPC and flavonoid contents (72 and 20%, respectively). The degradation kinetics of both 
compounds were fitted to a first-order equation. These findings revealed that phenolic 
compounds in citrus by-products are susceptible to degradation when the materials are dried at 
low temperatures for a long time, thus, drying temperature exhibits an important influence on 
the degradation rates of polyphenols. During citrus by-product drying at low temperatures, a 
rapid polyphenol degradation may occur due to PPO activity during the first hour of the process 
[53]. Ghanem Romdhane, Djendoubi, Bonazzi, Kechaou and Boudhrioua Mihoubi [54] 
investigated the kinetics of lemon peel polyphenol degradation during osmo-dehydration (50-
70 %w/w) at different temperatures (30-50 °C) followed by hot-air drying (at 40 and 60 °C). 
A significant decrease (70-80%) in the TPC of the osmo-dehydrated lemon peels was observed 
with increasing sucrose concentration (from 50 to 70 %w/w) and sucrose solution temperature 
(from 30 to 50 °C). However, following osmo-dehydration, drying citrus by-products at 40 or 
60 °C, had no significant effect on the TPC. The polyphenol loss took place during osmo-
dehydration was attributed to the osmotic driving force which promotes the migration of 
soluble phenolic compounds from the peels to the osmotic solution [54]. Future studies should 
be conducted in order to investigate the exact mechanism being involved in the retention of 
polyphenols during drying after osmo-dehydration. 
Hot-air drying being a lower energy consumption method than freeze drying, could be 
effectively applied for drying citrus by-products. However, the drying conditions should be 
carefully selected for avoiding polyphenol degradation, since different drying temperatures 
show varying effects on the different classes of citrus by-product polyphenols. In conclusion, 
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hot-air drying at high temperatures may promote the recovery of phenolic compounds from 
citrus by-products, while hot-air drying at low temperatures might have adverse effects.  
 
2.3. Sun drying 
Sun drying is a low-cost drying technique since it does not require any expensive 
instrument installation; however, it is dependent on various environmental parameters, 
including relative humidity, temperature, air velocity, and solar intensity among others. During 
sun drying, microbial contamination of the citrus by-products may occur contributing to the 
loss of the dried material quality. Moreover, sun drying requires prolonged drying periods, 
which may negatively affect the retention of polyphenols in the dried material [9, 34]. Sun, 
Shen, Liu and Ye [9] mentioned that the flavonoid and phenolic acid contents of different 
immature citrus species dried by sun drying (for 3 days) were significantly lower than those 
dried by freeze drying (for 12 h) or hot-air drying at 60 °C (for 10 h). Authors attributed this 
results to PPO activity which might be higher in the samples dried under environmental 
conditions, leading to polyphenol degradation. Even though sun drying is a low-cost drying 
technique, it requires extended drying times that might negatively affect the concentration of 
citrus by-product polyphenols. The reduced polyphenol retention in the sun dried citrus by-
products could be attributed to the polyphenol enzymatic oxidation (PPO) due to the presence 
of oxygen, as well as to the photo-oxidation of some phenolic compounds. When citrus by-
products are exposed to the sun, the UV irradiation may induce the formation of free radicals 
which may be scavenged by the phenolic compounds, resulting in polyphenol oxidation [21].   
   
2.4. Vacuum drying 
Vacuum drying has been applied for drying various fruits and vegetables [55, 56]. 
However, it has been rarely used for the dehydration of citrus by-products. During vacuum 
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drying, the moisture removal from the raw material takes place under low pressure in the 
absence of oxygen, preventing the enzymatic oxidation of phenolics [56] (Fig. 2). A recent 
study compared the effect of vacuum drying operating at different conditions with hot-air 
drying and freeze drying on the retention of polyphenols of lemon by-products [10]. Vacuum 
drying temperature significantly affected the recovery of different classes of lemon by-product 
polyphenols [10]. During vacuum drying, the heat energy may cleave the polyphenols being 
linked to the cell wall polymers, facilitating higher recovery of the free forms, however, 
temperatures higher than the optimum may result in the degradation of the heat sensitive 
phenolic compounds [16, 23]. For instance, high rutin and p-coumaric acid extraction yields 
were achieved by drying lemon by-products with vacuum drying at 70 °C (137.04 and 1.69 
µg/mL, respectively), which were significantly higher than those obtained by freeze drying 
(119.29 and 1.10 µg/mL, respectively) or hot-air drying at 70 °C (107.31 and 0.99 µg/mL, 
respectively). These results indicate that during the thermal processing of citrus by-products, 
some bound phenolic compounds might be liberated. However, drying temperatures higher that 
the optimum might lead to polyphenol degradation due to cleavage of covalent bonds [57]. 
According to the previous results, comparing vacuum drying with hot-air drying, it could be 
concluded that during hot-air drying some polyphenols might be oxidized due to material 
exposure to oxygen. The advantages of vacuum drying over other drying techniques include: 
i) less energy consumption compared to freeze drying, ii) lower processing temperatures 
compared to hot-air drying, therefore less polyphenol degradation due to heat, and iii) 
prevention of polyphenol enzymatic degradation, since it takes place in oxygen absence [55] 
(Fig. 2). However, during vacuum drying at high temperatures, a discoloration of the dried 
material may occur [10]. 
 
2.5. Microwave drying techniques 
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Microwaves have been used in several food procedures including pasteurization and 
cooking, among others since they result in substantially reduced processing times [58]. During 
microwave drying, the microwave power is absorbed by the peels and leads to internal water 
heating and moisture evaporation. During this process, the solubility of the pectic material of 
the middle lamellae increases, facilitating cell wall rupture [59]. The microwave processing 
time decreases as the microwave power increases and depends on the citrus species [59]. Citrus 
species with thicker peels require shorter microwave drying times [59]. Recently, the effect of 
microwave drying on the retention of citrus by-product polyphenols was investigated [42, 59, 
60]. Microwave drying may have varying effects on the retention of TPC of the different citrus 
species. For instance, microwave drying negatively affected the retention of TPC in mandarin 
and lemon peels, while it enhanced the TPC recovery from orange peels [59]. Kammoun Bejar, 
Kechaou and Boudhrioua Mihoubi [60] investigated the effect of different microwave drying 
conditions (power ranging between 100-850W) on the retention of TPC of orange peels. The 
retention of TPC increased as the microwave power increased to an optimum level and then 
declined. The power of 450W found to be optimum for the recovery of TPC (1.88 g CAE /100g 
d.w.). Higher microwave powers negatively affected the recovery of TPC. This effect could be 
due to the thermal degradation of some phenols because of the heat developed during the 
microwave process. Microwave powers lower than 450W reported being unfavorable for the 
recovery of TPC probably due to the oxidation of some of the phenolic compounds due to 
oxygen exposure for a long time [60]. Due to its rapidity, microwave drying could be employed 
for drying citrus by-products [58]; however, studies investigating and determining the effect of 
different microwave operating conditions on the retention of individual phenolic compounds 
in different citrus species should be conducted.  
 
2.6. High-speed drying 
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Senevirathne, Jeon, Ha and Kim [19] used high-speed drying, which is a rapid and 
economical technique for drying citrus by-products. Fig. 3 illustrates the diagram of a high-
speed drier. During high-speed drying, the plant material is placed into the sample compartment 
of the system. The loaded material is conducted upwards to the heat transmitting wall by the 
rotating cyclone fin and it is held against the heating wall in a thin film by centrifugal force. 
The wall is heated by the steam supplied by the steam generator. The waste steam from the 
process which has high moisture content is conducted to the super-heat steam generator, where 
this waste steam is burnt at higher than 700 °C and emitted under high temperature oxidization 
in an odorless condition. When the moisture content of the dried material reaches a specific 
value, a thermo-sensor sends a signal that automatically stops the unit, and the dried product 
can be obtained [19]. High-speed drying required significantly lower drying time (90 min) 
compared to freeze drying (24 h) and the extracts obtained from the high-speed dried citrus by-
products showed a high content of polymethoxylated flavones and flavanones, as well as strong 
radical scavenging activity and lipid peroxidation inhibition [19]. High-speed drying requires 
slightly higher drying times compared to microwave drying. However, during microwave 
drying, a thermal degradation of some polyphenols may occur, because of the heat developed 
during the microwave process [60]. Moreover, high microwave powers may lead to the 
formation of Maillard reaction products, resulting in a color change of the dried material [34, 
49].  
 
2.7. Infrared and far-infrared drying  
Infrared is an electromagnetic irradiation and based on its wavelength is divided in near-
infrared (NIR; 0.78–1.4 mm), middle-infrared (MIR; 1.4–3 mm) and far-infrared (FIR; 3–1,000 
mm) [61]. Infrared drying has been employed for the dehydration of food products and 
becomes popular because of its various advantages, including energy savings, shorter drying 
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time, high-quality dried products, uniform temperature distribution, and clean operational 
environment [61, 62]. Kammoun Bejar, Ghanem, Mihoubi, Kechaou and Boudhrioua Mihoubi 
[17] investigated the effect of different infrared-drying temperatures on the recovery of TPC 
from orange peels and found that the TPC yields of the extracts obtained from the infrared 
dried peels were significantly lower than those obtained from the fresh ones. It was mentioned 
that in the dried materials, all the plant cell components adhered together decreasing the surface 
area being exposed to the solvent [17]. Therefore, the accessibility of the analyte to the 
extraction solvent decreased resulting in reduced TPC yields [63]. Senevirathne, Kim, Kim, 
Oh, Oh, Ahn, Je, Lee and Jeon [18] employed far-infrared drying at different temperatures (40, 
50, 60, 70, and 80 °C) for converting wet citrus press-cakes into dried and obtained a varied 
effect on the individual and total phenolic compounds. For instance, the TPC, nobiletin, 
sinensetin, 3´,4´,7,8-tetramethoxy flavone, and tangeretin contents of the extracts obtained 
from the far-infrared dried cakes were lower than those obtained from the freeze dried ones. 
However, higher retention of neohesperidin, narirutin, and quercetagetin was observed in the 
samples dried by far-infrared drying compared to those dried by freeze drying [18]. The heat 
being generated due to the far-infrared irradiation may lead to the cleavage of some 
polyphenols being linked to the cell wall polymers, facilitating higher recovery of the free 
forms, however, at the same time the liberated polyphenols may be degraded due to the 
formation of reactive oxygen species as a result of far-infrared irradiation [18].  
 
3. Post-drying treatments for liberating bound polyphenols 
Recent studies have indicated that higher extraction yields of individual phenolic 
compounds and antioxidant capacity could be achieved by further applying heat (conventional 
oven and microwave oven) or irradiation (UV and electron beam) treatments on the dried citrus 
by-products prior to extraction [22, 23, 25, 26, 64] (Table 5).  
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3.1. Heat treatment 
Phenolic compounds contained in citrus peels include phenolic acids (hydroxyl cinnamic 
acids) [65] and flavonoids (flavanones, flavones, and flavonols) [66]. In citrus peels, phenolic 
acids are often linked to various plant components through ester and glucoside bonds [64], 
whereas flavonoids can be present in the free (aglycones) or bound (glycoside) forms, with the 
free forms having higher antioxidant properties compared to the bound ones. The application 
of heat on the dried citrus by-products may enhance the liberation of polyphenols by breaking 
down both ester and glucoside bonds [23, 24, 26]. Both ester and glucoside bonds are types of 
covalent bonds and they tend to be very stable because the energies required to break them are 
higher than the thermal energy which is available at ambient temperature [67]. Therefore, as 
the temperature increases the thermal energy increases facilitating the cleavage of covalent 
bonds, hence the liberation of bound polyphenols. However, high temperatures may result in 
the formation of Maillard reaction products [49], changing the color of the material [34]. To 
date, heat has been applied either by the use of conventional or microwave ovens. The 
advantages and disadvantages of each method are discussed in the following sections. 
 
3.1.1. Conventional oven  
Jeong, Kim, Kim, Jo, Nam, Ahn and Lee [26] treated the dried peels of Citrus unshiu at 
different temperatures (50, 100, or 150 °C) for different intervals using an electric muffle 
furnace and found that both temperature and time had a significant effect on their TPC. The 
extracts of dried citrus peels treated at 150 °C for 40 min had higher TPC and radical 
scavenging activity (171.0 µM and 59.73%, respectively) compared to unheated control (71.8 
µM and 29.64%). The GC-MS chromatograms revealed the formation of several low molecular 
weight phenolic compounds in the heat treated samples, including 2,3-diacetyl-1-
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phenylnaphthalene, ferulic acid, vanillic acid among others (Fig. 4). During heat treatment, 
both ester and glucoside bonds can be broken down resulting in the liberation of the bound 
polyphenols. At the same time, heat may lead to polyphenol transformation explaining why the 
content of some phenolic compounds increases while the content of others decreases [27]. 
Similar results were reported by Xu, Ye, Chen and Liu [64] who treated the hot air dried peels 
of huyou (Citrus paradisi Changshanhuyou) at different temperatures and intervals using a 
conventional oven. The authors reported that heat treatment resulted in the release of phenolic 
acids, since the free fraction of both benzoic and cinnamic phenolic acids increased, while 
ester, glycoside, and ester bound fractions decreased, indicating that heat treatment of dried 
citrus by-products facilitates the breakdown of both ester and glucoside bonds. On the other 
hand, heat treatment negatively affected the content of flavanone glycosides (narirutin, 
naringin, hesperidin, and neohesperidin), implying that flavanones are vulnerable to heat 
treatment. According to the previous results, heat treatment could be effectively applied for 
liberating and enhancing the recovery yields of polyphenols from citrus by-products. However, 
high temperatures may lead to the degradation of some flavonoid compounds. Therefore, the 
heat treatment conditions should be carefully selected considering the type of polyphenols are 
aimed to be extracted.  
  
3.1.2. Microwave  
Microwave ovens have been mainly used for the extraction of bioactive compounds from 
plant matrices [68, 69]. However, recent studies revealed that microwave energy could be 
effectively applied for enhancing the recovery of polyphenols and antioxidants from citrus by-
products [16, 23, 24]. Due to their electromagnetic nature, microwave irradiation (frequency 
of 0.3 to 300 GHz) results in a reduced heating time compared to conventional heating 
techniques, because of the heating of individual elements of a material [23, 70]. During the 
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microwave treatment, the heat being generated in the dried material results in the cleavage of 
covalent bonds which lead to the liberation of the bound polyphenols [60]. 
Hayat, Zhang, Chen, Xia, Jia and Zhong [23] treated the sun dried citrus by-products 
with different microwave powers for different intervals. Both microwave power and treatment 
time significantly affected the contents of individual phenolic acids. The free forms of phenolic 
acids increased with increasing microwave power, whereas the bound forms of phenolic acids 
declined, revealing liberation of the bound forms of phenolic acids due to the heat caused by 
the microwave energy. The authors made the assumption that the release of phenolic acids 
could be attributed either to the selective heating of some of the individual phenolic acids in 
the microwave field or to the physical forces acting between phenolic acids and plant matrix. 
Phenolic acids are linked to plant matrix through covalent bonds. The application of microwave 
irradiation results in the heat generation which leads to the cleavage of the bound phenolics 
[67]. Future studies investigating the exact mechanism implicated in the liberation of individual 
phenolic compounds from the plant tissues should be conducted for elucidating the mechanism 
of action.  
Apart from liberating phenolic acids, microwave treatment could be effectively applied 
for enhancing the recovery of flavonoids (flavanols, flavanones, and flavonols) from dried 
citrus by-products [23]. Microwave treatment of 250W for 10 min was proved to significantly 
enhance the recovery of catechin, naringin, rutin, kaempferol, and hesperidin from the sun dried 
citrus by-products [23]. However, the recovery yields of the individual flavonoids decreased 
when the citrus by-products were treated for a longer time at 250W. The heat which is 
generated as a result of the microwave irradiation results in the cleavage of the bound 
polyphenols and the cell wall rupture, leading to greater polyphenol yields [16, 23]. At the 
same time prolong exposure to microwave irradiation may result in the thermal degradation or 
conversion of the liberated flavonoids [71]. These results are in accordance with a recent study 
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which reported that appropriate microwave treatment of freeze dried lemon by-products 
resulted in higher recovery of TPC, TF, proanthocyanidins, and antioxidants [24]. The 
increased antioxidant capacity of the extracts obtained from the microwave treated citrus by-
products could be due to the release of the bound polyphenols, as well as to the formation of 
Maillard reaction products which are compounds with antioxidant properties [71].  
 
3.2. Irradiation 
3.2.1. Ultraviolet C (UV-C) irradiation  
UV-C (200-280 nm) is a nonionizing, electromagnetic irradiation that has been shown to 
promote the accumulation of polyphenols and antioxidants in fresh fruits and vegetables [72, 
73]. The effect of UV-C irradiation on the recovery of polyphenols and antioxidants from 
freeze dried lemon by-product was examined [25]. Freeze dried lemon by-products were 
subjected to different UV-C irradiations, and the results showed that the recovery of TPC and 
TF increased by 19 and 28%, respectively, when the dried by-products were treated with UV-
C irradiation of 19 kJ/m2 and 180 kJ/m2, respectively, compared to the control (untreated dried 
by-products). The higher TPC and TF yields could be attributed to the cleavage of the bound 
polyphenols caused by heating effects due to the transfer of energy of many photons. Given 
that the previous study reported the effect of UV-C irradiation only on the recovery of total 
polyphenols, more studies should be conducted for elucidating the mechanism and UV-C effect 
on the recovery of individual phenolic compounds from dried citrus by-products. Although 
UV-C irradiation may positively affect the recovery of polyphenols from citrus by-products, a 
number of adverse effects of UV irradiation on human health have been identified and should 
be considered when this technology is employed. Personnel exposed to UV irradiation may 
suffer, eye damage, erythema, and immunosuppression, while chronic exposure of the skin to 
the UV irradiation may cause skin cancer [74, 75].  
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3.2.2. Electron-beam irradiation (EBI) 
EBI is a low dose ionizing irradiation that has been used in the food and pharmaceutical 
industries for eliminating microbial contamination [76]. EBI has been characterized as a safe 
technology with no potential health risks [76]. The effect of EBI on the phytochemicals of fresh 
plant tissues has been previously reported [77]. Kim, Lee, Lee, Nam and Lee [22] treated the 
freeze dried by-product of Citrus unshiu with five EBI dosages (3.0, 5.6, 10.9, 25.5, and 37.9 
kGy) and showed that when the freeze dried powder was treated at 37.9 kGy, the TPC, and the 
radical scavenging activity of the water extracts increased from 6543.2 to 7405.4 mM, and 
37.6% to 52.9%, respectively, compared to the control (nonirradiated dried by-product). These 
results were attributed to the liberation of some phenolic compounds due to heating effect in 
the treated dried by-products because of the EBI since previous studies have reported the 
liberation of individual phenolic compounds (phenolic acids) as a result of heat treatment [23]. 
However, during electron beam irradiation the bound polyphenols might be liberated due to 
the energy of individual photons which is enough to break chemical bonds [28]. Future studies 
should be conducted in order to elucidate the mechanism implicated in the liberation and 
recovery of individual polyphenols (phenolic acids and flavonoids) from plant materials during 
EBI treatment.   
 
4. Conclusions and future trends  
Citrus by-products are usually exposed to undesirable environmental conditions for a 
long time after juice production and an important reduction in their polyphenol content may 
occur during this period. Future studies should investigate and determine the level of 
polyphenol degradation as a result of citrus by-product exposure to undesirable environmental 
conditions prior to material dehydration. Drying is a crucial but not compulsory step that 
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precedes the extraction process of bioactive compounds from citrus by-products. The 
advantages of citrus by-product dehydration include i) reduced packaging volume, hence lower 
transportation cost and storage space requirements, ii) prevention of material spoilage, and iii) 
prevention of polyphenol enzymatic degradation.  
Several parameters should be considered for the selection of the drying technique, 
including energy consumption, residual moisture content in the dried material, and retention of 
bioactive compounds in the dried product. Several methods have been employed for drying 
citrus by-products, such as freeze drying, hot-air drying, vacuum drying, sun drying, with each 
drying technique having its own advantages and limitations. Generally, freeze drying is 
considered as the most efficient but expensive drying technique. Freeze drying results in high 
retention levels of flavonoids and phenolic acids in citrus by-products. However, a number of 
studies have indicated that hot-air drying at high temperatures may result in dried citrus 
materials with higher phenolic acid and flavonoid contents than those dried by freeze drying. 
For instance, ferulic acid, p-coumaric acid, and gallic acid recovery could be higher in the 
extracts of citrus by-products dried by hot-air drying than those dried by freeze drying. 
Although hot-air drying at high temperatures may promote the recovery of some phenolic 
compounds, lower hot-air drying temperatures may result in a significant enzymatic 
degradation of polyphenols, due to material exposure to oxygen for long times. When citrus 
wastes are dried at low temperatures, a rapid polyphenol degradation may occur during the first 
hour of the process. This loss might be prevented by the application of some treatments prior 
to hot-air drying, such as osmotic dehydration of the citrus by-product. Future studies should 
take into consideration the periods during hot-air drying that polyphenols are degraded and try 
to minimize polyphenol reduction by applying treatments prior to extraction for inactivating 
enzymes implicated in polyphenol degradation. Vacuum drying is a technique that takes place 
in the absence of oxygen and at lower temperatures compared to hot-air drying, preventing the 
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degradation of polyphenols being vulnerable to oxygen and heat exposure. Although several 
comparison studies have been conducted on citrus by-products, only a few have included the 
effect of vacuum drying on polyphenol retention.  
To date, some new drying techniques have been applied for drying citrus by-products, 
including, microwave drying, infrared drying, far-infrared drying, and high-speed drying. 
Among others, high-speed drying seems to be the most effective since it results in a dried 
product with low moisture content, and high retention of polyphenols in a significantly shorter 
time than freeze drying. On the other hand, although both microwave and infrared drying 
require shorter times for drying citrus by-products compared to freeze drying, the retention of 
polyphenols in the microwave and infrared dried citrus by-products is significantly lower 
compared to those dried by freeze drying. Some comparisons of different drying methods have 
been performed, however, they remain partial since only two or three methods are compared 
in the same work. Although several studies have been conducted investigating the effect of 
different drying treatments on the retention of polyphenols in citrus by-products, only a few 
have provided information about the degradation kinetics of individual phenolic compounds 
during the drying process. The degradation kinetics of individual phenolic compounds during 
drying process will facilitate the development of the optimum drying conditions for high 
retention of polyphenols in the dried material.  
Recently, studies have been conducted investigating the effect of different treatments of 
the dried citrus by-products on the liberation of bound polyphenols. Microwave could be 
effectively used for liberating phenolic acids from dried citrus by-products; however, the exact 
mechanism implicated in the liberation of individual phenolic compounds from the plant 
tissues needs clarification. Other treatments, such as UV-C or EBI could be applied on dried 
citrus by-products for enhancing their phenolic content and antioxidant activities. Studies 
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investigating the effect of these treatments on the retention of individual polyphenols are 
recommended.   
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Tables 
              Table 1. Flavonoid contents of the peels of different citrus species. 
Flavonoids Citrus species Quantity Drying technique applied Refs 
Flavanones     
Hesperidin 
 
Orange  
Orange  
Grapefruit  
Mandarin  
Mandarin 
C. tankan Hayata  
66.10 mg/g d.w.1 
30.17-39.09 mg/g d.w.2 
1.67-3.87 mg/g d.w.1 
55.26 mg/g3 
29.5 mg/g d.w.4 
23.4 mg/g d.w.4 
Freeze drying 
Freeze drying 
Freeze drying 
Vacuum drying (60 °C) 
Hot-air drying (below 50 °C) 
Hot-air drying (below 50 °C) 
[78,79,78,80,81,81] 
 
 
 
Naringin 
 
Grapefruit  
Mandarin  
Lemon 
Sour orange  
4.04-5.91 mg/g d.w.1 
19.49 mg/g f.w.1 
6.06 mg/g d.w.4 
10.97 mg/g d.w.4 
Freeze drying 
Freeze drying 
Hot-air drying (40 °C) 
Hot-air drying (40 °C) 
[78,82,83,83] 
 
Neoeriocitrin 
 
Lemon 
Sour orange  
Orange 
Mandarin 
6.12 mg/g d.w.4 
3.80 mg/g d.w.4 
8.80 mg/g f.w.1 
34.65 mg/g f.w.1 
Hot-air drying (40 °C) 
Hot-air drying (40 °C) 
Freeze drying 
Freeze drying 
[83,83,82,82] 
 
Neohesperidin 
 
Sour orange  
Lemon 
Mandarin 
Calamondin  
6.62 mg/g d.w.4 
4.37 mg/g d.w.4 
7.09 mg/g f.w.1 
3.49 mg/g d.w.4 
Hot-air drying (40 °C) 
Hot-air drying (40 °C) 
Freeze drying 
Freeze drying 
[83,83,82,40] 
 
Narirutin 
 
Sour orange  
Orange 
Orange  
Mandarin 
0.25 mg/g d.w.4 
16.52 mg/g f.w.1 
2.40-5.25 mg/g d.w.2 
13.54 mg/g f.w.1 
Hot-air drying (40 °C) 
Freeze drying 
Freeze drying 
Freeze drying 
[83,82,79,82] 
 
Didymin Orange  
Mandarin  
1.10-1.69 mg/g d.w.2 
0.31-1.23 mg/g d.w.2 
Freeze drying 
Freeze drying 
[79,79] 
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Flavonols     
Rutin 
 
Lemon  
Orange 
Orange  
Mandarin  
0.29 mg/g d.w.4 
8.16 mg/g f.w.1 
0.23 mg/g d.w.4 
0.29 mg/g d.w.4 
Hot-air drying (below 50 °C) 
Freeze drying 
Hot-air drying (below 50 °C) 
Hot-air drying (below 50 °C) 
[81,82,81,81] 
 
 
 
Quercetin Mandarin  
Orange  
Lemon  
0.47 mg/g d.w.4 
0.14 mg/g d.w.4 
0.21 mg/g d.w.4 
Hot-air drying (below 50 °C) 
Hot-air drying (below 50 °C) 
Hot-air drying (below 50 °C) 
[81,81,81] 
 
 
Catechin Mandarin  0.02 mg/g d.w.3 Sun drying [16] 
Kaempferol Orange  
Mandarin  
Lemon  
0.32 mg/g d.w.4 
0.38 mg/g d.w.4 
0.31 mg/g d.w.4 
Hot-air drying (below 50 °C) 
Hot-air drying (below 50 °C) 
Hot-air drying (below 50 °C) 
[81,81,81] 
 
 
Flavones 
Diosmin Orange 
Orange  
Mandarin 
Mandarin  
Lemon  
4.55 mg/g f.w.1 
0.49-0.53 mg/g d.w.2 
6.29 mg/g f.w.1 
1.02-1.40 mg/g d.w.2 
3.30 mg/g d.w.1 
Freeze drying 
Freeze drying 
Freeze drying 
Freeze drying 
Hot-air drying (50 °C) 
[82,79,82,79,84] 
 
Tangeretin 
 
Calamondin  
Orange  
Mandarin  
Satsuma mandarin
0.07-1.95 mg/g d.w.4 
0.16-0.33 mg/g d.w.2 
0.27-0.86 mg/g d.w.2 
0.16 mg/g d.w.1 
Freeze drying 
Freeze drying 
Freeze drying 
Hot-air drying (45 °C) 
[40,79,79,85] 
 
 
 
Nobiletin 
 
Orange  
Mandarin  
Satsuma mandarin 
Calamondin 
0.41-0.65 mg/g d.w.2 
0.45-0.61 mg/g d.w.2 
0.31 mg/g d.w.1 
0.86-2.70 mg/g d.w.4
Freeze drying 
Freeze drying 
Hot-air drying (45 °C) 
Freeze drying 
[79,79,85,40] 
 
 
 
         d.w.: dry weight; f.w.: fresh weight 
                       1: Quantification by HPLC-Diode array detector (DAD) 
                       2: Quantification by HPLC-Diode array detector (DAD) and HPLC-MS 
                       3: Quantification by HPLC-Photodiode array (PDA) detector 
                       4: Quantification by HPLC-UV detector 
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                          Table 2. Phenolic acid contents of the peels of different citrus species. 
Phenolic acids Type of material Quantity Drying technique applied Refs 
Hydroxycinnamic acids 
Ferulic acid 
 
Mandarin  
Mandarin 
Satsuma mandarin 
Mandarin  
Satsuma mandarin 
Lemon 
Orange 
Orange 
Grapefruit 
Grapefruit 
2.39 mg/g d.w.3 
0.01 mg/g d.w.4 
2.76 mg/g d.w.1 
0.85 mg/g d.w.3 
0.95-1.42 mg/g d.w.3 
0.02 mg/g d.w.4 
0.02 mg/g d.w.4 
0.18 mg/g4 
0.16 mg/g4 
0.01-0.14 mg/g d.w.3 
Sun drying 
Freeze drying  
Hot-air drying (45 °C) 
Sun drying 
Hot-air drying (40 °C) 
Freeze drying 
Freeze drying 
N.M. 
N.M. 
Hot-air drying (45 °C) 
[68,86,85,16,87,86,
86,88,88,64] 
 
 
 
 
 
p-Coumaric 
acid 
Mandarin  
Mandarin 
Satsuma mandarin 
Mandarin  
Satsuma mandarin 
Lemon 
Orange 
Orange 
Grapefruit 
Grapefruit 
0.83 mg/g d.w3 
0.05 mg/g d.w.4 
0.30 mg/g d.w.1 
0.35 mg/g d.w.3 
0.02-0.18 mg/g d.w.3 
0.04 mg/g d.w.4 
0.01 mg/g d.w.4 
0.08 mg/g4 
0.02 mg/g4 
0.01-0.07 mg/g d.w.3 
Sun drying 
Freeze drying 
Hot-air drying (45 °C) 
Sun drying 
Hot-air drying (40 °C) 
Freeze drying 
Freeze drying 
N.M. 
N.M. 
Hot-air drying (45 °C) 
[68,86,85,16,87,86,
86,88,88,64] 
 
 
 
 
 
 
 
 
 
Caffeic acid 
 
Mandarin 
Satsuma mandarin 
Satsuma mandarin 
Lemon 
Orange 
Orange 
Grapefruit 
Grapefruit 
0.01 mg/g d.w.4 
0.14 mg/g d.w.1 
0.04-0.06 mg/g d.w.3 
0.02 mg/g d.w.4 
0.02 mg/g d.w.4 
0.01 mg/g4 
0.01 mg/g4 
0.001-0.01 mg/g d.w.3 
Freeze drying  
Hot-air drying (45 °C) 
Hot-air drying (40 °C) 
Freeze drying 
Freeze drying 
N.M. 
N.M. 
Hot-air drying (45 °C) 
[86,85,87,86,86,88,
88,64] 
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                                                      d.w.: dry weight.; N.M.: not mentioned 
                                                                              1: Quantification by HPLC-Diode array detector (DAD)  
                                                                              2: Quantification by HPLC-Diode array detector (DAD) and HPLC-MS 
                                                                              3: Quantification by HPLC-Photodiode array (PDA) detector 
                                                                              4: Quantification by HPLC-UV detector 
Sinapic acid 
 
Mandarin 
Satsuma mandarin 
Satsuma mandarin 
Lemon 
Orange 
Orange 
Grapefruit 
Grapefruit 
0.02 mg/g d.w.4 
0.19 mg/g d.w.1 
0.12-0.16 mg/g d.w.3 
0.07 mg/g d.w.4 
0.01 mg/g d.w.4 
0.10 mg/g4 
0.03 mg/g4 
0.001-0.05 mg/g d.w.3 
Freeze drying 
Hot-air drying (45 °C) 
Hot-air drying (40 °C) 
Freeze drying 
Freeze drying 
N.M. 
N.M. 
Hot-air drying (45 °C) 
[86,85,87,86,86,88,
88,64] 
 
 
 
 
 
 
 
Chlorogenic 
acid 
 
Grapefruit 
Lemon 
Orange 
Mandarin 
0.02-0.13 mg/g d.w.3 
0.09 mg/g d.w.4 
0.02 mg/g d.w.4 
0.04 mg/g d.w.4 
Hot-air drying (45 °C) 
Freeze drying 
Freeze drying 
Freeze drying 
[64,86,86,86] 
 
 
 
Hydroxybenzoic acids 
Vanillic acid 
 
Mandarin  
Satsuma mandarin 
Mandarin  
Satsuma mandarin 
Grapefruit  
0.32 mg/g d.w.3 
0.05 mg/g d.w.1 
0.39 mg/g d.w.3 
0.03 mg/g d.w.3 
0.001-0.16 mg/g d.w.3 
Sun drying 
Hot-air drying (45 °C) 
Sun drying 
Hot-air drying (40 °C) 
Hot-air drying (45 °C) 
[68,85,16,87,64] 
 
 
 
 
p-
Hydroxybenzoic 
acid 
Mandarin  
Satsuma mandarin 
Mandarin  
Satsuma mandarin 
Grapefruit  
0.07 mg/g d.w.3 
0.06 mg/g d.w.1 
0.30 mg/g d.w.3 
0.03 mg/g d.w.3 
0.002-0.01 mg/g d.w.3 
Sun drying 
Hot-air drying (45 °C) 
Sun drying 
Hot-air drying (40 °C) 
Hot-air drying (45 °C) 
[68,85,16,87,64] 
 
 
 
 
Gallic acid Mandarin  
Mandarin  
0.18 mg/g d.w.3 
0.18 mg/g d.w.3 
Sun drying 
Sun drying 
[68,16] 
32 
 
Table 3. Merits and demerits of the different drying processes that have been applied on citrus by-products. 
Drying technique Merits Demerits Refs 
Freeze drying  The change of the citrus by-product color is 
negligible. 
 Promotes the storability of the product by 
minimizing pathogen and enzyme activity. 
 Prevention of the polyphenol enzymatic 
degradation due to oxygen absence. 
 Prevention of the degradation of the heat 
sensitive polyphenols. 
 Higher energy consumption and cost 
requirements compared with the hot-air 
drying, vacuum drying, microwave 
drying, high-speed drying and infrared 
drying. 
 It requires longer drying times than hot-
air drying, vacuum drying, microwave 
drying, high-speed drying and infrared 
drying. 
 It does not facilitate the liberation of 
bound polyphenols. 
[10, 18, 19, 45] 
 
Hot-air drying  Less energy consumption and cost requirements 
than freeze-drying. 
 It requires shorter drying times than freeze 
drying and sun drying.  
 High temperatures may promote the liberation of 
some bound polyphenols. 
 Brown color is developed as the 
temperature increases. 
 A degradation of the heat and oxygen 
sensitive polyphenols may occur. 
[9, 10, 37, 39, 
43, 44, 46] 
Vacuum drying  Less energy consumption requirements than 
freeze drying and hot-air drying. 
 Lower processing temperatures compared to 
hot-air drying. 
 High temperatures may facilitate the liberation 
of some bound polyphenols. 
 Prevention of the polyphenol enzymatic 
degradation due to oxygen absence.  
 Brown color is developed as the 
temperature increases. 
 A degradation of the heat sensitive 
polyphenols may occur. 
[10, 55, 56, 89] 
Sun drying  Less energy consumption and cost requirements 
compared with the other drying techniques. 
 
 It depends on environmental conditions 
(humidity, temperature, air velocity, 
and solar intensity). 
 It requires longer drying times than 
other drying techniques, including 
freeze drying. 
 A polyphenol enzymatic degradation 
may occur due to the presence of 
oxygen. 
[9, 34, 68] 
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 Microbial contamination of the dried 
material may occur. 
Microwave drying  Less energy consumption requirements than 
freeze drying, hot-air drying, vacuum drying, 
sun drying, infrared drying, and high-speed 
drying. 
 It requires shorter drying times compared to 
freeze drying, hot-air drying, vacuum drying, 
infrared drying, and high-speed drying. 
 The liberation of the bound phenolics can be 
achieved. 
 A polyphenol enzymatic degradation 
may occur due to the presence of 
oxygen. 
 A degradation of the heat sensitive 
polyphenols may occur. 
 Brown color is developed as the power 
and processing time increase. 
 
[9, 18, 19, 
42, 60, 89, 
90] 
High-speed drying  It requires shorter drying times than freeze 
drying, hot-air drying, vacuum drying, sun 
drying, and infrared drying. 
 It facilitates high retention of polyphenols in the 
dried material. 
 The cost of equipment could be higher 
than other drying techniques, such as 
hot-air drying, vacuum drying, or sun 
drying.  
[9, 18, 19, 
60, 89, 90] 
Infrared drying  It requires shorter drying time than freeze drying 
and sun drying. 
 It results in lower retention of total 
polyphenols compared to freeze drying. 
[9, 18] 
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Table 4. Drying techniques applied on citrus by-products. 
Drying treatments 
Citrus species Drying procedures Comments Refs
Naranjita (Citrus mitis B.) 
by-products 
 Hot-air drying (50-
84 °C)  
 The drying process increased both total phenolic content and antioxidant capacity. 
 Higher retention of TPC was observed in the dried by-products compared to the fresh ones. 
 The highest content of TPC can be obtained with the combination of high temperatures (> 74 
°C) and low air velocity (< 0.6 m/s). 
[46] 
Lemon (Citrus limon) by-
products 
 Freeze drying  
 Hot-air drying (70, 
90 and 110 °C)  
 Vacuum drying 
(70, 90 and 110 °C) 
 
 The TPC and antioxidant capacity were higher in the lemon by-products dried by hot-air or 
under vacuum than those dried by freeze drying. 
 The highest recovery of flavonoids was recorded in the by-products dried under vacuum at 70 
and 90 °C.  
 By-products dried under vacuum at 70 °C had the highest rutin and p-coumaric acid content. 
The highest recovery of gallic acid was recorded in the by-products dried by hot-air at 110 °C. 
[10] 
Yuzu (Citrus junos Sieb ex 
Tanaka) peels 
 Microwave drying 
 Hot-air drying (50 
°C) 
 Freeze drying 
 Air drying (25 °C) 
 All the drying methods resulted in higher values of TPC, flavonoid content and antioxidant 
capacity compared to those obtained from the fresh samples. 
 Hot-air, microwave, and air drying resulted in the reduction of the TPC, flavonoid content and 
antioxidant capacity compared to freeze drying. 
 Peels dried by hot-air drying had the same TPC, flavonoid content and antioxidant capacity 
with those dried by microwave drying. 
 Freeze drying resulted in the highest retention of TPC, flavonoid content, and antioxidants. 
[42] 
Lemon (Citrus limon v. 
lunari) peels 
 Combined osmotic 
hot-air drying 
dehydration  
 Osmotic dehydration process had protective effect against TPC loss during hot-air drying. 
 Significant loss of TPC (70–80 %) was recorded during osmotic dehydration.  
[54] 
Lemon (Citrus limon) 
fruits  
 Hot-air drying (45 
°C) 
 Freeze drying 
 Sample dehydration provided extracts with higher amounts of flavonoids than fresh samples. 
 The flavonol content was higher in the extracts obtained from the hot-air dried samples 
compared to those dried by freeze drying.  
 The flavanone and flavone contents were higher in the extracts obtained from the freeze dried 
samples compared to those dried by hot-air drying. 
[41] 
Lemon (Citrus limon cv. 
lunari) peels 
 Hot-air drying (40, 
50 and 60 °C) 
 Drying temperature had a significant effect on the TPC degradation rates. [37] 
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 Hot-air drying led to a significant reduction in the TPC and flavonoid content. 
 A first-order equation described the degradation of TPC and flavonoid content. 
Oranges (Citrus sinensis) 
peels 
 Hot-air drying (40, 
60 and 80 °C)  
 Freeze drying 
 The highest content of major individual flavonoids and antioxidant activity of orange peel 
achieved at 80 °C. 
 A rapid degradation of total and individual compounds occurred during the first hour of drying. 
[53] 
Immature kumquat (Citrus 
japonica var. margarita) 
fruits 
 Hot-air drying 
(110, 130 and 150 
°C) followed by 
freeze drying 
 When fruits were dried at 110 and 130 °C for 0.5 h, the TPC, antioxidant activity, and flavonoid 
content increased.  
 All of the flavonoids dramatically decreased after drying at 150 °C for 1.5 h.  
 The TPC and antioxidant capacity were higher in hot-air dried samples compared to the 
lyophilized.  
[43] 
Different citrus species 
 
 Sun drying  
 Hot-air drying (60 
°C) 
 Freeze drying 
 Hot-air drying is a good way to retain flavonoids in the dried material. 
 Freeze drying resulted in extracts with the highest phenolic acid content and antioxidant activity 
among the four citrus species. 
 The TPC of all citrus fruits was reduced after hot-air drying at 60 °C. 
 Both hot-air and sun drying caused some loss of phenolic acids.  
[9] 
Immature calamondin 
(Citrus mitis Blanco) peels 
 Hot-air drying (70, 
85, 100 and 150 
°C) followed by 
freeze drying  
 The peels dried at 150 °C for 1.5 h had the highest TPC and flavonoid content compared to the 
other treatments and fresh materials.  
 The heating enhanced the release of some phenolic compounds i.e., naringin, tangeretin, ferulic 
acid, p-coumaric acid, and gallic acid.  
 Some phenolic compounds, such as 3´,5´-di-C-β-glucopyranosylphloretin (DGPP), hesperidin 
and caffeic acid, were degraded during heating. 
[45] 
 
Orange (Citrus sinensis. v. 
thompson); lemon (Citrus 
limon. v. lunari); mandarin 
(Citrus reticulata. v. 
tangerine) peels  
 Microwave drying 
(100-600W) 
 Microwave power significantly affected the retention of TPC in the difference citrus species. 
 As the microwave power increased from 300 to 600W the TPC of the microwave dried 
mandarin and orange peels increased. 
 Microwave power higher than 450W resulted in the decrease of TPC of the microwave dried 
lemon peels. 
[59] 
Orange  
(Citrus Sinensis) peels 
 
 Microwave drying 
(100-850W) 
 Microwave power significantly affected the retention of TPC on the dried orange peels. 
 Drying power of 450W was found to result in high amount of TPC retention. 
[60] 
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Orange  
(Citrus sinensis L. Osbeck) 
peels 
 Hot-air drying (50, 
60, 70, 80, 90 and 
100 °C),  
 Freeze drying 
 Lower TPC and flavonoid contents were recorder in the peels dried at lower temperatures (50 
and 60 °C), than to those dried at higher (70, 80, 90 and 100 °C).  
 Peels dried at temperatures higher than 70 °C had higher TPC compared to those dried by freeze 
drying. 
 Caffeic acid, p-coumaric acid, naringin, neohesperidin, kaempferol, and rutin contents were 
higher in the peels dried at 100 °C, compared to those dried at lower temperatures or freeze 
dried.   
[39] 
Orange  
(Citrus Sinensis) peels 
 Infrared drying  The TPC was higher in the peels dried at higher infrared drying temperatures. 
 The infrared drying peels retained lower TPC compared to fresh. 
[17] 
Citrus by-products  Far-infrared drying  The TPC of the extracts obtained from the far-infrared dried by-products was lower than those 
dried by freeze drying.  
 Far-infrared drying is effective for retaining specific phenolic compounds in citrus by-products. 
[18] 
Citrus by-products  High-speed drying   
 Freeze drying 
 High speed dried extracts showed high amount of polymethoxylated flavones 
(heptamethoxyflavone and nobiletin) and flavanones (hesperidin and narirutin). 
 The TPC and flavonoid content of the extracts obtained from the high-speed dried peels were 
close to those obtained by the freeze dried ones.  
[19] 
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Table 5. Post-drying treatments applied on dried citrus for liberating phenolic compounds and enhancing the polyphenol content of the extracts. 
After drying treatments 
Citrus species Technique Comments Refs 
Lemon by-products  The freeze dried lemon by-
products were treated with 
different ultraviolet C 
(UV-C) irradiations. 
 UV-C irradiation of 19 kJ/m2 resulted in extracts with higher TPC than 
the control, while UV-C irradiation of 180 kJ/m2 resulted in extracts with 
higher total flavonoid and proanthocyanidin contents than the control.  
 UV-C irradiation more than 4 kJ/m2 resulted in the decrease of the 
antioxidant capacity. 
[25] 
Lemon by-products  The freeze dried lemon by-
products were treated with 
different microwave 
powers for different 
intervals. 
 Appropriate microwave treatment resulted in the increase of the TPC, 
total flavonoids, proanthocyanidins and total antioxidant capacity of the 
extracts.   
 
[24] 
Mandarin by-
products 
 The sun dried by-products 
were treated with different 
microwave powers for 
different intervals. 
 Appropriate microwave treatment could liberate and activate the bound 
phenolic compounds of the mandarin by-products. 
 Appropriate microwave treatment could enhance the antioxidant capacity 
of citrus by-products. 
[16, 23] 
Citrus unshiu by-
products 
 The freeze dried peels 
were treated with electron-
beam irradiation.     
 The TPC and radical scavenging activity of the freeze dried by-product 
powder treated at 37.9 kGy, significantly increased compared to the non-
irradiated control. 
[22] 
Huyou peels  The hot-air dried peels 
were heated in an electric 
oven at different 
temperatures for different 
intervals.  
 Heat treatment resulted in the increase of the free phenolic acid content, 
and the decrease of ester, glycoside, and ester-bound phenolic acids. 
 Heat treatment resulted in the decreased of the flavanone glycosides. 
 After heat treatment the antioxidant capacity of the extracts increased. 
 
[64] 
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Citrus unshiu peels  The dried peels were
heated in an electric muffle
furnace at different
temperatures for different
intervals.
 The extracts of the dried citrus peels treated at 150 °C had higher TPC
and radical scavenging activity compared to those obtained from the non-
heated control.
 Several low molecular weight phenolic compounds such as ferulic acid,
5-hydroxyvaleric acid, 2,3-diacetyl-1-phenylnaphthalene, vanillic acid
etc. were newly formed in the peels treated at 150 °C.
[26] 
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Fig. 1. Steps for the valorization of polyphenols from citrus wastes. 
40 
Fig. 2. Effect of different drying conditions on the enzymatic degradation of polyphenols. 
41 
Fig. 3. Flow diagram of high speed drier (Model: Okadora Korea). Reprinted from J. Food Eng., 92, Senevirathne, M.; Jeon, Y.J.; Ha, J.H.; Kim, 
S.H., Effective drying of citrus by-product by high speed drying: A novel drying technique and their antioxidant activity, 2009, 157-163, Copyright 
(2017), with permission from Elsevier. 
42 
Fig. 4. Typical gas chromatography of 70% ethanol extracts from citrus peels nonheated (A) and heated (B) at 150 °C for 30 min. Peaks in (A): 1, 
bishydroxybutanedioic acid; 2, 2-azathianthrene; 3, 2-oxybenzoic acid; 4, 1H-indole-3-carboxaldehyde; 5, arabinofuranose; 6, α-DL-arabinofura-
noside; 7, β-L-arabinopyranose; 8, glucopyranose; 9, palmitic acid; 10, 2,4-bishydroxybenzaldehyde; 11, stearic acid. Peaks in (B): 1, bishy-
droxybutanedioic acid; 2, 2,3-diacetyl-1-phenylnaphthalene; 3, 1,2-ben-zenedicarboxylic acid ethyl ester; 4, 2-azathianthrene; 5, arabinofuranose; 
6, β-D-galactofuranose; 7, β-L-arabinopyranose; 8, glucopyranose; 9, palmitic acid; 10, ferulic acid; 11, p-hydroxybenzaldoxime; 12, stearic acid; 
13, D-ribofuranose; 14, glucofuranoside; 15, β-D-galactofuranoside. Reprinted from J. Agric. Food Chem. with permission from Jeong, S.M.; 
Kim, S.Y.; Kim, D.R.; Jo, S.C.; Nam, K.C.; Ahn, D.U.; Lee, S.C. Effect of heat treatment on the antioxidant activity of extracts from citrus peels. 
2004, 52, 3389-3393. Copyright (2017) American Chemical Society. 
